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A B S T R A C T  

One o b j e c t i v e  of  t h e  o r b i t a l  Lunar Radar Sounder 
Experiment (Apollo 17)  i s  t o  d e t e c t  subsur face  s t r u c t u r e  
mani fes ted  by d i s c o n t i n u i t i e s  i n  t h e  depth  p r o f i l e  of e lec t r ica l  
p r o p e r t i e s .  However, energy backsca t t e red  f r o m  t h e  l u n a r  
s u r f a c e  can i n t e r f e r e  wi th  t h e  d e t e c t i o n  of  energy r e f l e c t e d  
f r o m  subsur face  d i s c o n t i n u i t i e s  and which has  been a t t e n u a t e d  
by a double passage through the l u n a r  subsu r face .  

Recent measurements of t h e  e lec t r ica l  p r o p e r t i e s  
of Apollo 11 and 1 2  samples are used t o  c a l c u l a t e  t h e  expected 
s t r e n g t h  of r a d a r  echos from subsur face  r e f l e c t o r s .  The sub- 
s u r f a c e  echo power i s  then  compared w i t h  t h e  s u r f a c e  back- 
scatter power. For t y p i c a l  l u n a r  parameters  t h e  expected 
dep th  of d e t e c t a b i l i t y  of a subsurface r e f l e c t o r  i s  about  
1 5 0  m i n  rock and about  1 km i n  s o i l .  
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to: D i s t r i b u t i o n  

955 L’Enfant Plaza North, S.W. 
Washington, D. C. 20024 

TM- 7 1  - 2 0 15- 3 
. .  from: W. R. S i l l  

subject: Detec t ion  of Lunar Subsurface 
. .  S t r u c t u r e  by t h e  O r b i t a l  Radar 

Sounder -- Case 340 

TECHNICAL MEMORANDUM 

INTRODUCTION 

A primary o b j e c t i v e  of t h e  o r b i t a l  Lunar Radar 
Sounding Experiment i s  t o  d e t e c t  subsur face  s t r u c t u r e  wi th in  
1 km of the  l u n a r  s u r f a c e .  I n  p r i n c i p l e  t h i s  o b j e c t i v e  can 
be accomplished by t h e  d e t e c t i o n  of t h e  r e f l e c t e d  e n e r g y  
from d i s c o n t i n u i t i e s  i n  t h e  e l e c t r i c a l  parameters  of t h e  
subsur face .  I n  p r a c t i c e  the  d e t e c t i o n  of t h e  subsur face  
r e f l e c t i o n  w i l l  be l imited by t h e  presence of va r ious  
sou rces  of noise, One major source  of n o i s e  i s  t h e  energy 
b a c k s c a t t e r e d  from the  luna r  s u r f  ace which, because of  t h e  
f i n i t e  r a d a r  beamwidth, a r r i v e s  w i t h  t h e  s a m e  t i m e  de lay  as 
t h e  energy r e f l e c t e d  from the subsu r face .  The problem i s  
then  one of  detectir\ ,g %he s ~ h s u - f a c e  echo i n  the presence 
of b a c k s c a t t e r  from t h e  su r face .  

Sorne of t h e  parameters of t h e  l u n a r  sounding r a d a r  
are given i n  t a b l e  1 and t h e  geometry i s  shown i n  f i g u r e  1. 

TABLE 1 

LUNAR RADAR SOUNDER 

O r b i t a l  A l t i t u d e  ~ 1 0 0  km 

Frequency (MHz) 15 0 15 5 

Wavelength ( m )  2 20  60  

Pu l se  Length (ps) 7 70 200  

.Compressed Pulse  (us)  .07 .7  2.  

Range Resolut ion ( m )  1 0  1 0  0 300 

Antenna Yagi Dipole Dipole 
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A l s o  shown i n  f i g u r e  1 i s  t h e  r e l a t i o n s h i p  between 
t h e  t i m e  de lay  t, f o r  a subsur face  r e f l e c t o r  a t  a depth d ,  
and a s u r f a c e  s c a t t e r i n g  p o i n t  a t  a h o r i z o n t a l  d i s t a n c e  x, 
from t h e  s p a c e c r a f t  n a d i r .  F o r  t h e  depths  t o  be probed 
(<1 km) t h e  angles  are s m a l l  (<15O) and it i s  obvious t ha t  
a s u r f a c e  element w i t h  a l o c a l  sLope equal  t o  t h e  angle  
of i nc idence  (8) w i l l  e f f i c i e n t l y  b a c k s c a t t e r  t he  i n c i d e n t  
wave. These angles  are a l s o  s m a l l  compared t o  t h e  beanwidth 
of t h e  antenna, and the  i n c i d e n t  power can be considered 
c o n s t a n t  over t h e  s u r f a c e  d i s t ances  of i n t e r e s t  here .  

Lunar Backs c a t  ter 

The b a c k s c a t t e r  c h a r a c t e r i s  t i cs  of t h e  l u n a r  s u r f a c e  
have been s t u d i e d  p r i m a r i l y  by means of earth-based radar. 
For s h o r t  p u l s e s  t h e  observed backsca t t e red  power as a 
func t ion  of t h e  ang le  of inc idence  can  be f i t  by [Beckmann 
and Klemperer, 1965; Marcus, 1 9 6 9 1  

4 2 -3/2 P ( e )  = [cos e + R s i n  e ]  

where 

R = roughness parameter  = 95 X ?, 1 m. . ( 2 )  

Brown [ 1 9 6 0 ,  1 9 6 4 1  h a s  developed an expres s ion  f o r  
t h e  quas i - specular  p o r t i o n  of t h e  r e f l e c t e d  energy. H i s  
impulse response (equat ion 3 )  when convolved wi th  t h e  envelope 
of t h e  p u l s e  a lso provides  an adequate f i t  t o  t h e  observed 
radar d a t a ,  f o r  a roughness f a c t o r  KX = . 0 4 ,  

I ( e )  = 1 - ( 1 + K ~  cote) exp(-KX c o t e ) .  ( 3 )  

Equation 1 i s  p l o t t e d  i n  f i g u r e  2 f o r  t h e  wavelengths 
cor responding  t o  t h e  three f requencies  of the Radar-Sounder. 
Also shown are some observed d a t a  a t  .68 and 6 m. F igure  3 
shows a p l o t  o f  t h e  impulse response of equa t ion  3 f o r  t w o  
va lues  of t h e  roughness c o e f f i c i e n t  as w e l l  as a comparison 
of t h e  convolut ion of t h e  i i qdse  respcxses  fer K?, = . 8 4  with  
a p u l s e  width t = 1 2  ps and t h e  observed .68 m d a t a  of Evans 

and P e t t e n g i l l  (1963) .  Brown's [ 1 9 6 0 ]  s tudy  found no apprec iab le  
dependence of t h e  roughness fac tor  ( K X )  on wavelength f o r  
wavelengths i n  t h e  range from 30 c m  t o  1.5 m. Radar s t u d i e s  

( A  = 30  c m )  from rocke t  f l i g h t s  over  d e s e r t  t e r r a i n  are a l s o  
compatible  wi th  equat ion  3 and a roughness f a c t o r  KX = . e 4  
(Brown, 1 9 6 9 ) .  

P 
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Figure 4 shows t h e  b a c k s c a t t e r  as  a func t ion  of 
t i m e  de lay  f o r  the geometry of f i g u r e  1. The impulse response 
(equat ion  3 )  f o r  3 va lues  of t h e  roughness c o e f f i c i e n t  i s  shown 
as w e l l  a s  t h e  convolut ion of t h e  impulse response wi th  p u l s e  
l eng ths  of  1 and 2 us. The 2 p s  p u l s e  length  i s  a p p r o p r i a t e  
f o r  t h e  Radar-Sounder frequency a t  5 M H Z  (X=60 m) and t h e  
1 us p u l s e  f o r  t h e  15 MHZ (X=20m) frequency. 

The b a c k s c a t t e r  as  given by equat ion  1 f o r  t he .  
geometry of  f i g u r e  1 i s  shown i n  f i g u r e  5 .  Also shown are 
t w o  curves  of t h e  b a c k s c a t t e r  from f i g u r e  4 .  Note t h a t  f o r  
t h e  s t a t e d  parameters  t h e  range of t h e  b a c k s c a t t e r e d  powers 
are s i m i l a r  f o r  the t w o  theories (equat ions  1 and 3 ) .  

Subsurface S igna l s  

The energy r e t u r n e d  from t h e  l u n a r  subsu r face  i s  
dependent on i t s  e l e c t r i c a l  parameters .  T a b l e  2 l i s ts  
t h e  average d i e l e c t r i c  cons t an t s  measured f o r  some Apollo 11 
and 1 2  samples. The d i e l e c t r i c  c o n s t a n t  f o r  t h e s e  samples 

i s  n o t  a s t r o n g  f u n c t i o n  of frequency i n  t h e  range from 1 0  
3 

t o  l o 7  H Z .  

Fines  S r e c c i a  Ig?leour ( R )  Igneous ( A )  

K 3.5 7.5 8.5 9 . 0  

Values f o r  K as large as 15 have been r e p o r t e d  by Chung e t  a l . ,  
1 9 7 0 ,  f o r  some denser  Apollo 11 samples. The r e f l e c t i o n  
c o e f f i c i e n t  as  a func t ion  of t h e  d i e l e c t r i c  c o n s t a n t  c o n t r a s t  
i s  shown i n  f i g u r e  6 .  For  t h e  l una r  samples t h e  t y p i c a l  
r e f l e c t i o n  c o e f f i c i e n t s  a r e  of  t h e  o r d e r  o f  a few t e n t h s .  

The loss t angents  f o r  l u n a r  and t e r r e s t r i a l  samples 
a r e  given i n  f i g u r e  7. The lower va lue  of t a n  6 f o r  t he  
f i n e s  r e l a t i v e  t o  t h e  rocks is probably mostly a p o r o s i t y  
e f f e c t ,  t h e  s o i l s  having a smaller d e n s i t y .  

The a t t e n u a t i o n  of a wave p ropaga t ing  through a 
l o s s y  medium i s  

- rd  tan 6 / h  E* % e ( 4 )  
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The power loss as  a func t ion  of  t i m e  de lay  ( t  = 2 d P / c )  i s  
then  

L ( d b )  = 2 7 . 2  f t t a n  6 ( 5 )  

The power loss as a func t ion  of t i m e  de lay  and depth of a 
r e f l e c t o r  i s  shown i n  f i g u r e  8. T o  t h e s e  t ransmiss ion  losses 
t h e r e  should  a l so  be added t h e  r e f l e c t i o n  l o s s e s  a t  t h e  
subsu r face  i n t e r f a c e ,  i . e . ,  

Re f l ec t ion  loss (db) = 1 0  [ 2  l o g  ( l - R o )  + l o g  R1] ( 6 )  

where Ro = r e f l e c t i o n  c o e f f i c i e n t  a t  vacuum s u r f a c e  i n t e r f a c e  

R1 = r e f l e c t i o n  c o e f f i c i e n t  a t  subsu r face  i n t e r f a c e .  

F rom f i g u r e  6 w e  see t h a t  these losses a r e  t y p i c a l l y  of t h e  
o r d e r  of  -lOdb. 

Subsurface S i g n a l  t o  Surface  Noise Ra t io  

The de termina t ion  of t h e  subsu r face  s t r u c t u r e  i s  
dependent upon t h e  d e t e c t i o n  of t h e  r e f l e c t i o n  s i g n a l  i n  
t h e  presence  of s u r f a c e  b a c k s c a t t e r  n o i s e .  The s i g n a l  t o  
no i se  r a t i o  i s  

- _ -  s - Subsurface.  At tenuat ion  x Ref lec t ion  Loss x Data Process ing  Gain 
N Surface Backsca t t e r  

which can be c a l c u l a t e d  from Equations 1, 3 ,  5 and 6 .  The 
d a t a  p r o c e s s i n g  gain i s  repor ted  t o  be  about +10 db (Brown, 
p e r s o n a l  communication) which w i l l  c a n c e l  t h e  t y p i c a l  
r e f l e c t i o n  loss ( - l O d b ) .  The  s i g n a l  t o  n o i s e  r a t i o  i s  then  
approximately t h e  subsurf  ace a t t e n u a t i o n  t o  b a c k s c a t t e r  r a t io .  
The s i g n a l  t o  no i se  r a t i o ,  i n  db, i s  t h e  d i f f e r e n c e  between a 
power loss curve ( f i g u r e  8 )  due t o  a t tenuat i .on and a b a c k s c a t t e r  
curve ( f i g u r e s  4 and 5 ) .  

ha tched  a r e a  i n d i c a t i n g  t h e  limits f o r  t h e  b a c k s c a t t e r  from 
t h e  v a r i o u s  models of f i g u r e s  4 and 5.  The upper curve bounding 
t h e  c rossha tched  a rea  i s  t h e  2 m curve of f i g u r e  5 and t h e  
lower curve i s  a composite of  t h e  KX = .04 ,  t = 6 ( t )  of 

f i g u r e  4 and the  60  m curve of f i g u r e  5 .  Consider ing t h a t  t h e  
gene ra l  observed t r e n d  i s  f o r  the b a c k s c a t t e r  t o  decrease  
wi th  i n c r e a s i n g  wavelength, the upper reg ion  of t h e  c rossha tched  
a r e a  i s  more aDpropriate  f o r  t h e  s h o r t e r  wavelength and t h e  
lower reg ion  f o r  the  longer  wavelengths. 

F igu re  9 i s  a r e p l o t  of f i g u r e  8 wi th  t h e  c ros s -  

P 
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I f  w e  d e f i n e  t h e  depth of d e t e c t a b i l i t y  of a 
subsu r face  r e f l e c t o r  by s i g n a l  t o  no i se  r a t i o  of  1 (Odb), 
t h e  greatest  depth of d e t e c t a b i l i t y  i s  found i n  t h e  case 
of t h e  two l o n g e s t  wavelengths ( 2 0  m and 60 m) i n  average 
s o i l  and i s  about 1 km. I n  average rock t h e  depth of 
d e t e c t a b i l i t y  a t  t h e  t w o  l onges t  wavelengths i s  i n  t h e  range 
from 100  t o  1 5 0  m. A t  2 m wavelength the  models i n d i c a t e  
t h a t  probably no subsur f  ace r e f l e c t i o n s  would be d e t e c t a b l e  
i n  e i t h e r  s o i l  o r  rock. 

I n  cons ide r ing  regions of t h e  l u n a r  s u r f a c e  t h a t  
might be much smoother than the average s u r f a c e  w e  could 
assume t h a t  t h e  b a c k s c a t t e r  is 1 0  db l o w e r  than  t h e  lower 
l i m i t  used above. This would i n c r e a s e  t h e  depth o f  
d e t e c t a b i l i t y  a t  t h e  t w o  lowest  f requencies  t o  1 . 7  km i n  
average s o i l  and t o  about  2 7 5  m i n  t y p i c a l  rock. A decrease  
i n  t h e  loss  tangent  by about  one t h i r d  wouldf a t  t h e  lowest  
f r equenc ie s ,  i n c r e a s e  t h e  depth i n  rocks t o  something l i k e  
600  m. 

CONCLUSIONS 

Based on o u r  e s t ima tes  and var ious  measured 
l u n a r  parameters ,  t h e  expected maximum depth of  d e t e c t a b i l i t y  
under t y p i c a l  cond i t ions  i s  about 1 km i n  s o i l  and about  
150 m i n  rock. The d e t e c t a i l i t y  Zepth w i l l  be i n c r e a s e d  
i n  those  reg ions  where t h e  su r face  roughness i s  smal l  and/or 
t h e  propagat ion  losses are small. Fac to r s  t end ing  t o  
decrease  t h e  d e t e c t a b l e  depth are an i n c r e a s e  i n  s u r f a c e  
roughness greater than average propagat ion  losses aiid 
degrada t ion  i n  t h e  d a t a  process ing  ga in .  

, 

20 15-WRS-dmu W. R. S i l l  
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